Background: Matrix Gla protein (MGP) is a molecular determinant regulating vascular calcification of the extracellular matrix. However, it is still unclear how MGP may be invovled in crystal formation in the kidney of hyperoxaluric rats. Methods: Male Sprague-Dawley rats were divided into the hyperoxaluric group and control group. Hyperoxaluric rats were administrated by 0.75% ethylene glycol (EG) for up to 8 weeks. Renal MGP expression was detected by the standard avidin-biotin complex (ABC) method. Renal crystal deposition was observed by a polarizing microscope. Total RNA and protein from the rat kidney tissue were extracted. The levels of MGP mRNA and protein expression were analyzed by the real-time polymerase chain reaction (RT-PCR) and Western blot. Results: Hyperoxaluria was induced successfully in rats. The MGP was polarly distributed, on the apical membrane of renal tubular epithelial cells, and was found in the ascending thick limbs of Henle's loop (cTAL) and the distal convoluted tubule (DCT) in hyperoxaluric rats, its expression however, was present in the medullary collecting duct (MCD) in stone-forming rats. Crystals with multilaminated structure formed in the injurious renal tubules with lack of MGP expression.MGP mRNA expression was significantly upregulated by the crystals' stimulations. Conclusion: Our results suggested that the MGP was involved in crystals formation by the continuous expression, distributing it polarly in the renal tubular cells and binding directly to the crystals.
Matrix Gla Protein is Involved in Crystal Formation in Kidney of Hyperoxaluric Rats
Xiuli
Introduction
Kidney stone is a common ectopic calcification similar to vascular calcification. About 2-5% of the population in Asia and 8-15% in Europe and North America develop renal stones in their lifetime [1] . Kidney stone formation is a complex event and results from imbalance of promoting and inhibiting factors. Hyperoxaluria is a major risk factor for forming calcium oxalate stone, the most common stone type. At the same time, some macromolecules have been identified in both the urine and kidney stone matrix and modulate the interaction between renal epithelial cells and crystals or oxalate over the years [2] . These proteins exist extensively both in healthy and stone-forming individuals and modulate the crystal nucleation, growth, aggregation and adhesion to renal epithelial cells, and greatly affect the risk of forming stones [3, 4] . Stones may arise from abnormalities of compromises in these interactions.
MGP, a vitamin K-dependent extracellular matrix protein, was originally isolated from the bone and also expressed in several soft tissues including the lung, heart, vascular smooth muscle cells of the blood vessel wall and kidney [5] . MGP is an 84-amino-acid protein that contains five γ-carboxyglutamic acid (Gla) residues which has a high affinity for calcium and phosphate ions, and hydroxyapatite crystals [6] . Luo et al. found that homozygous MGPdeficient mice died within 8 weeks as a result of arterial calcification that led to blood vessel rupture [7] . Vascular calcification in MGP-deficient mice was reversed by over expressing MGP in vascular smooth muscle cells [8] . These results imply that MGP is a molecular determinant regulating vascular calcification of the extracellular matrix. The pathological mechanism of kidney stone formation was at least partly analogous to vascular calcification, such as forming calcific plaques, increasing expression of calcification inhibitors and regulating actively calcification process. We previously reported that MGP mRNA expression was upregulated in renal tubular epithelial cells following exposure to calcium oxalate monohydrate (COM) and oxalate [9] , MGP genetic single nucleotide polymorphism was associated with the individual susceptibility of nephrolithiasis [10] . However, it was still unclear how MGP may be involved in the crystal formation in the kidney.
In the present study, we performed further immunohistological staining, Western blot, and quantitative real-time PCR to analyse MGP expression, location, and interaction with crystal in the kidney of hyperoxaluric rat. We found that MGP expression was present in cTAL and DCT in normal and hyperoxaluric rats, but in the MCD in stone-forming rats. A polar distribution of MGP on the apical membrane of renal tubular epithelial cells suggested that it might have direct interaction with crystals and oxalate on exposure.
Materials and Methods

Animal Models
Male Sprague-Dawley rats weighing 150 to 180g were divided into two groups, hyperoxaluric group (n=25) and control group (n=5). Hyperoxaluria were induced by 0.75% EG in drinking water for up to 8 weeks and the control group was given plain water. All rats were housed in normal cages in an environment with a 12-hour light dark cycle, controlled temperature (20 ± 2°C) and humidity (50 ± 10%). Rats were killed at 0 and 3 days, and 1, 2, 4 and 8-week intervals, respectively. The kidneys were removed after sufficient reperfusion. The left kidneys were stored in liquid nitrogen for molecular biological studies, and the right kidneys were fixed in 4% paraformaldehyde for histochemical studies. Twenty-four hour urine samples from rats were assayed for oxalate and calcium. The experiment was reviewed and approved by the Shenyang Medical College Animal Committee.
Lu/Gao/Yasui/Li/Liu/Mao/Hirose/Wu/Yu/Zhu/Kohri/Xiao: Matrix Gla Protein and Kidney Stone Formation Immunohistochemistry 5 µm thick paraffin sections were prepared from 4% paraformaldehyde fixed paraffin-embedded rat kidney. Each section was incubated overnight at 4°C with polyclonal rabbit anti-mouse matrix Gla protein antibody (TransGenic) diluted at 1:200. Then, the standard ABC (avidin-biotin complex) method was used. Briefly, the slides were incubated for 20 minutes with the secondary antibody (biotin conjugated rabbit anti-mouse IgG; Vector, USA) at a concentration of 1:200. The avidin-biotin Vectastain ABC system (Vector, Burlingame, CA) was then applied for 20 minutes. Sections were rinsed, treated with 3,3'-diaminobenzidine, counterstained with hematoxylin, and examined using a light microscope and polarizing microscope.
RNA Preparation
Total RNA from the kidney tissue was extracted with an ISOGEN kit (Nippon Gene, Toyama, Japan), and treated with DNase I for 30 min at 37°C followed by phenol chloroform extraction to avoid genomic DNA contamination. RNA concentrations were quantified spectrophotometrically at 260 nm. RNA integrity was verified by ethidium bromide staining of 28 S and 18 S rRNA after agarose gel electrophoresis. Samples (500ng) were reverse transcribed to synthesize first-strand cDNA using oligo(dT)12-18 primer and Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA) in 20 µl reactions according to the manufacturer's instructions.
Quantitative Real-time PCR
To validate the expression of MGP genes in the tissue, the real-time polymerase chain reaction (RT-PCR) was performed in 96-well plates on the ABI Prism 7300 Sequence Detection System (Applied Biosystems, Foster City, CA). The sequence of primers and the TaqMan probe used for the analysis of MGP was obtained with the Assays-on-Demand Applied Biosystems database (order# 185253029). The endogenous control, glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH) (Applied Biosystems), was used to normalize variations in the cDNA quantities from different samples. The standard curve was constructed, in each of the experimental repetitions, by 5-fold serial dilutions of cDNA, 1:5, 1:10, 1:50, 1:100, 1:500 and 1:1,000. The quantity of the target and endogenous control was determined from a standard curve for each experimental sample. Two-step reverse transcription-PCR was performed. The final reaction volume was 50 µl. Each sample was analyzed in triplicate. All of the experiments were repeated twice. Non-template control (RNasefree water) was included on every plate. Thermal cycler conditions were 2 min hold at 50°C, 10 min hold at 95°C, followed by 40 cycles of 15 s at 95°C (denaturation) and 1 min at 60°C (annealing/extension). The comparative standard curve and the threshold cycle method were used to calculate the amplification factor.
Western Blot
The protein was isolated from the kidneys by the homogenization in the celLyticTM MT Mammalian Tissue Lysis/Extraction reagent (Sigma) with protease inhibitors. For Western blot analysis, 50 µg of protein were resolved on 5-20% SDS-PAGE gel and then transferred onto immobilon-p transfer membrane (Millipore, Billerica, USA). Membranes were blocked using 5% nonfat milk/TBS for 60 minutes and incubated overnight at 4°C with polyclonal rabbit anti-mouse matrix Gla protein antibody (TransGenic) diluted at 1:500. After washing, the membranes were incubated for 1 hour with a peroxidase-labeled secondary antibody (1:1,000; Amersham Pharmacia Biotech) at room temperature. After rewashing, the bands were visualized using peroxidase-linked ECL Western blotting detection reagents and the associated analysis system (Amersham Pharmacia Biotech). β-Actin antibody (Sigma Diagnostics, St. Louis, MO) was used to confirm equal protein loading among samples. All experiments were repeated in triplicate.
Lu/Gao/Yasui/Li/Liu/Mao/Hirose/Wu/Yu/Zhu/Kohri/Xiao: Matrix Gla Protein and Kidney Stone Formation increased 3.4~7.5-fold compared with controls (127.1 ± 32.2 mg/l) from the 3rd day (775.9 ± 97.9 mg/l) to the 8th week (434.2 ± 108.9 mg/l), and the peak value was observed after 1 week (954.2 ± 277.9 mg/l). The urinary excretion of calcium did not change significantly from 0 day (6.8 ± 2.1 mmol) to eight weeks (6.4 ± 0.63 mmol). Our rat model eliminated the effect of hypercalciuria.
Crystal deposition
Crystals were detected in the renal tubules in 3 out of 5 rats administered 0.75% EG for eight weeks using polarizing microscopy. Crystals deposited in the injured renal tubules without MGP expression, and there was no crystal formation in the renal tubules with intact MGP expression ( Figure 1A ). Crystals were observed to have multilaminated structure with inorganic and organic layers alternation. The crystal-matrix boundary was clear. A central layer appeared as damaged cell material. A brown middle layer, which looks like matrix protein material, surrounded the central layer, demonstrating that the MGP was present in the middle layer. The outer layer was light crystalline material ( Figure 1B&C ). This finding strongly suggests that MGP may affect crystal formation by binding to the crystals directly. Figures 2 & 3 showed the results of the immunohistochemical location of MGP in the kidneys of the control, hyperoxaluric and stone-forming rat. In the control and hyperoxaluric rats, MGP widely located in cTAL and DCT in the region of medulla and in the papilla, and scatteredly in the cortex (Figure 2A, 2B, 2C, 2D and 3A) , and the location and intensity of staining was not obviously different. However, in the stone-forming rat, MGP expression was present in the medullary collecting duct (MCD) in the medulla and papilla ( Figure 2E, 2F and  3B) .
Immunohistological localization of MGP in rat kidney
Expression of MGP mRNA and protein in rat kidney
As shown in Figure 4A , increased in MGP mRNA expression was insignificant in hyperoxaluric rats compared with the control rats (1.5-fold at 3 rd day and 1.6-fold at the 4 th week). However, the MGP mRNA expression increased remarkably by 14.7-fold in stoneforming rats during the 8 th week compared with the control rats (P<0.001). Figure 4B shows MGP protein expression increased in rats from the 3 rd day to the 4 th week, and reduced to the normal level in the 8 th week. MGP mRNA and protein expression were consistent in control and hyperoxaluric rats, and showed a markedly inverse correlation in stone-forming rats. These results demonstrated that crystals significantly induced MGP mRNA expression.
Polar distribution of MGP in the renal epithelium cells
MGP showed a distinct polar distribution in the apical membrane of renal tubular epithelial cells including cTAL and MCD in control, hyperoxaluric and stone-forming rats ( Figure 5A, 5C, 5D ). MGP was also observed with a diffused distribution throughout the cytoplasm of renal tubular epithelial cells in the 2 nd week-rat ( Figure 5B ). These results indicated that MGP is transported from cytoplasm to the apical membrane of cells under the hyperoxaluria exposure and exert its function there.
Disscusion
Previous studies regarding kidney stone indicated that the complex interactions between oxalate ion/crystals and renal tubular cells are an actively regulated process. These observations have led to a search for the molecular determinants of kidney stone. MGP is a natural inhibitor of vascular calcification. However, its role in forming renal stone is still unclear. In this study, we investigated whether MGP may be invovled in crystal formation in the kidney of hyperoxaluric rats. Our research design excluded the possibility of hypercalciuric disorder. This strategy allowed us to discover previously unreported results. These findings suggest that the MGP may be involved in crystals formation by continual expression, distributing polarly in renal tubular cells and binding directly to crystals.
The kidney stone formation is a complex process. Different metabolized disorders may lead to different pathogenesis of calcium stone formation. A study by Evan et al. showed that hypercalciuria leads to the initial formation of calcium plaques in the basement membrane of the thin limbs of the loop of Henle, extending to the vasa recta and interstitial tissue and finally to the papillae, whereas hyperoxaluria caused renal calcification initially in papillary collecting ducts, and epithelial cell death and surrounding interstitial inflammation [11] . This finding suggested that the pathogenesis of calcium oxalate stone formation between hyperoxaluric and hypercalciuric disorder is different. To study calcium oxalate kidney stone, an animal model should be induced independently on hyperoxaluric or hypercalciuric disorder. In a previous study, calcium oxalate stone-forming rat was administered daily with vitamin D3 and 5% EG [12] . Vitamin D is an important regulator of intestinal calcium absorption. An administration of small-dose vitamin D3 increased significantly the calcium absorption, and may induce hypercalciuria [13] . Therefore, In order to eliminate the effect of hypercalciuria, the rats were only induced hyperoxaluria by administrating 0.75% EG in the present study.
The first major finding is that MGP was expressed in cTAL and DCT of the normal and hyperoxaluric rats, and in the MCD of stone-forming rats. It is a new finding that is not completely consistent with the previous report that MGP expressed in proximal cortical and medullary tubules by Yasui et al. [12] . Our result showed that MGP expressed mainly in medulla, papilla and scatteredly in the cortex region. The reason for the difference may lie in the different administrating methods described above. However, our results are similar to osteopontin (OPN) expression, an essential inhibitor of stone formation. Kohri et al. previously reported that OPN mRNA expressed in DCT in control rats, and upregulated expression in DCT and MCD in stone-forming rats [2] . Tamm-Horsfall protein (THP), other one critical renal defense protein protecting against calcium oxalate crystal formation, was also reported to be secreted by epithelial cells in the cTAL and DCT in medulla, but not in papilla [3, 14] . The concentration of oxalate is higher in the MCD than in other tubules [15] . Translocated expression of MGP and OPN in stone-forming rats indicated that these proteins may contribute to renal epithelial cells in MCD to have a greater capacity to withstand a severe hyperoxaluria and crystal stimulation. Similarly the location expressed a pattern among MGP, OPN and THP and also suggested that they may exert a collaborative role in stone formation.
The second major finding is that MGP was continuously expressed and distributed polarly on the apical membrane of renal tubular epithelial cells under normal, hyperoxaluric and crystal formation conditions, where it may be involved in interacting with crystal and oxalate ion. This finding suggested that MGP may undergo high-efficient intracellular transport which may be important for exerting its function. Mature MGP needs to undergo two types of posttranslational modification including γ-glutamate carboxylation in endoplasmic reticulum and serine phosphorylation in Golgi apparatus [16] . γ-glutamate carboxylation in Gla-residues provides MGP activity, and serine phosphorylation of MGP plays a role in regulating the secretion of proteins into the extracellular environment [17] . Chen et al. reported that renal vitamin k-dependent gamma-glutamyl carboxylase activity decreased in calcium oxalate calculi patients [18] . This finding suggested the abnormal activity and transport of MGP may influence the risk of kidney stones. However, it is still unclear how oxalate or crystal exposure affects posttranslational modification of MGP.
The third major finding is that no crystal forms in the renal tubules with MGP expression, and crystals only deposit in the damaged renal tubules with lack of MGP expression. MGP is previously reported to be involved in cell growth, differentiation and regulation of apoptosis, and increase cell density in normal kidney cells [19] . These findings suggested MGP may play a cytoprotective role in maintaining cells survival and inhibiting crystal retention under oxalate and crystal exposure. Once the balance is broken, MGP may affect renal crystal formation by binding to the crystals. We found that crystals formed multilaminated structure with alternation of inorganic and organic layers. The organic layers were stained same as MGP in renal tubular epithelia cells. The crystal nidus with blue stain may be apoptotic bodies or cell debris, and MGP surrounds the inner nidus and binds to the outer layer of the crystal. MGP has previously been detected in apoptotic bodies produced by vascular smooth muscle cells (VSMC ) [20] . And MGP mRNA expression was increased when apoptosis was induced in rat [21] . Apoptotic bodies derived from VSMC can act as a nidus for calcium crystal formation and these structures have been detected in both atherosclerotic lesions and Monckberg's sclerosis [22] . Price et al. explained the strong calcification inhibitory activity of MGP by its binding tightly to the crystal nuclei thus preventing further growth in vascular Lu/Gao/Yasui/Li/Liu/Mao/Hirose/Wu/Yu/Zhu/Kohri/Xiao: Matrix Gla Protein and Kidney Stone Formation calcification [23] . However, it is unclear whether MGP plays an inhibiting or promoting role in crystal formation by binding to the crystals in renal tubules. These definite conclusions will be validated by studies in the future.
Finally, a main limitation of the present study was that we did not measure the concentration of MGP in the urine of the rat. Our result showed MGP mRNA and protein expressions were consistent in control and hyperoxaluric rats, and showed an inverse correlation in stone-forming rats. A consideration was that MGP, as a small secretory protein, may be secreted largely into the tubular lumen or coat crystals under severe conditions. As an insoluble matrix protein, the residues of gamma-carboxyglutamic acid have been found in urine and stone matrix [24] .
Conclusion
MGP was continuously expressed and distributed polarly on the apical membrane of renal tubular epithelial cells, and involved in stone formation by binding directly to the crystals. Further study on the molecular mechanism of MGP function may provide opportunities for the development of novel therapeutic drug treatment for renal stone disease.
